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ν T kB r VA(r),VX(r)
ν r VA(r)− VX(r) = hν h
[6, 7, 8, 9]
1.1
M Li,Na,K,Rb,Cs
n = 2,3,4,5,6 n 2S1/2 n 2P n 2P
∆SO
n 2P1/2 n





















   	 

1  100 cm-1
     
∆SO (0.3  554 cm-1)
    
100  2000 cm-1
1.1: 1
cm−1 = 1.438786 K
Rb,K,Na,Li Li 0.34 cm−1 [10] n 2S1/2 → n 2P1/2
D1 n
2S1/2 → n 2P3/2 D2 Rg
1S0 D 20000 cm−1
65000 cm−1 [10]
2.2 M-Rg X 2Σ1/2
M(n 2S1/2) + Rg A 2Π
A 2Π1/2 A 2Π3/2 A 2Π1/2 M(n 2P1/2) + Rg A 2Π3/2
B 2Σ1/2 M(n 2P3/2) + Rg
A 2Π ppi z px py B 2Σ pσ
pz Gallagher [11]
M-Rg X 2Σ1/2 100 cm−1

















10−2 cm−1 [16] van der Waals
bound-bound Havey ∼350




K∗Xen(5S) → KXen(4S) n = 1,2,· · · 5 [21]
exciplex M∗Rgn M∗Rg
3 from the beginning
4 A 2Π Li∗Ne 212 cm−1 [19] Li∗He 1020 cm−1
Li ppi Ne ppi He [20]




Ne He excimer Gallagher
D excimer
1.1 [22, 23]
Rb∗He Cs∗He 130 K
He Ne exciplex
1.1.2 3.2


















































15 nm [27] D2





[37] Na Li D [27]
Rb D1 [38]
exciplex exciplex

















exciplex K∗Hen n = 1,2 Na∗Hen n = 1,2 [44, 45]





K∗Hen He n exciplex
population [48]





Ag(2P3/2) He Ag∗He Ag∗He
Ag(2D5/2) Ag 2D5/2
2P3/2 Ag∗He
T > 1.2 K Cs,Rb,K,Na,Li




ν > 6300 cm−1 1.6 µm
exciplex Cs∗Hen (n = 1,2) Rb∗Hen (n = 2−6) K∗Hen










































VHe(|ri − rj |) (2.1)
ri i He Cs
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2.1: Pascale [13]















A 2Π B 2Σ A 2Π VAΠ(|ri|) B 2Σ
VBΣ(|ri|) Cs-He
ξi ζi, ηi Vi(ri)
pξi , pζi , pηi
Vi(ri) = VAΠ(|ri|)|pζi〉〈pζi |+ VAΠ(|ri|)|pηi〉〈pηi |+ VBΣ(|ri|)|pξi〉〈pξi | (2.2)













multireference CI MRCI [56]
Rb-He Rb 3-21G* [57] He 6-31G** [58] K-He Na-He










He z |px〉, |py〉 n > 2 He
xy |pz〉 He p
He Pauli
He r
r0 A˜ r VA(r)
X˜ VX(r) n = 1 VA(r) = VAΠ(r), VX(r) = VXΣ(r)
X,A,B, · · ·
Cs,Rb
K,Na,Li
K,Na,Li RHF n VA(r), VX(r)
2.3
Li∗He A 2Π
1020(20) cm−1 r0 1.78 A˚ [18]
2 13
Pascale 1025 cm−1, r0 = 1.82 A˚ MRCI
677.8 cm−1, r0 = 1.87 A˚ RHF 477.3 cm−1, r0 = 1.91 A˚
RHF RHF
cm−1































n = 1 (MRCI)








































































L z Lz 0,±1 S z Sz ±1/2
2P Hso = κL ·S
κ ∆so κ = 2∆so/3~2
~ = h/2pi
L · S = LzSz + 12(L+S− + L−S+) (2.4)




1/2 0 0 0 0 0
0 −1/2 √2/2 0 0 0
0
√
2/2 0 0 0 0






0 0 0 0 0 1/2

(2.5)





















(2 cos θχ+ − exp(iφ) sin θχ−) (2.7)√
1
4pi















H = V + κL · S (2.8)
















van der Waals (2.9)




κ Ag ∆so = 920.7 cm−1
Ag∗Rg A 2Π3/2 A 2Π1/2 Xe 921 cm−1 Kr
890 cm−1 Ar 611 cm−1 [63] Na ∆so = 17.20 cm−1 Xe
∼110 cm−1 Kr ∼50 cm−1 Ar ∼20 cm−1 [64]
Li ∆so = 0.34 cm−1 Ar ∼11 cm−1 Ne ∼3 cm−1
κ ppi Li ppi
2 17






































n = 2 2.5 (2.9)
Cs-Hen(n = 1, 2) r
Hund’s case (a)
A 2Π3/2 VAΠ(r) κ~2/2
A 2Π1/2 B 2Σ1/2 A 2Π1/2
He
z A 2Π3/2 2.4
He P
B 2Σ1/2 A 2Π1/2 He (2.9)






r = 6.9 A
  =30 
r = 5.6 A
  =20 
r = 3.5 A
  =11 
	 		 	
z
2.6: Cs∗He A 2Π1/2 r cos θ|1,−1/2〉 +
sin θ|0, 1/2〉 θ
A 2Π1/2 Cs-He A 2Π1/2
5.0 A˚ 75.2 cm−1 Cs∗He A 2Π1/2
r 2.6 r
Cs He r0 = 3.5 A˚
Cs∗He(A 2Π1/2)
Cs A 2Π1/2 Cs∗He(A 2Π1/2)
r ≈ r0 2 He 1 He
Cs∗He(A 2Π1/2) + He → Cs∗He2(A˜ 2Π1/2)
M∗Hen (n > 2) x, y, z
Li (i = x, y, z) 0 px, py, pz |px〉, |py〉, |pz〉
x, y, z |px〉, |py〉, |pz〉
1 Ex, Ey, Ez
























n = 1 (A 2Π1/2)
n = 1 (A 2Π3/2)
A state
X state
n = 2 (A 2Π3/2)
~
~




















2.7: Rb-Hen n = 1
MRCI n ≥ 2 RHF
Rb He Rb-Hen(n = 1−6)
2.7 n ≤ 2 2Π3/2 2Π1/2 M∗Hen
(n > 2) M(2P1/2) + nHe
M∗He A 2Π1/2
M∗He2(A˜ 2Π1/2) + He → M∗He3
He 2 3 He
2 20




M∗He2(A˜ 2Π1/2) + He 2.8
M (x, y) = (0,0) (0,±r0) r0 Cs 3.50 A˚ Rb
3.24 A˚ K 3.08 A˚ ” ” ” ”
3 He y
θ r Cs (r, θ) = (3.5 A˚, 46◦) 10.7 cm−1 Rb
(3.24 A˚, 65◦) -93.9 cm−1 K (3.1 A˚, 90◦) -69 cm−1













∠He-Cs-He = 167◦ 7.6 cm−1 Cs 3 He
Cs∗He3
2 21
2.8: M∗He2(A˜ 2Π1/2 r = r0 ) + He
2 22







|e〉 A 2Π3/2 |g〉 X 2Σ1/2




∇2 + Ve(r)}ψv(r) = Evψv(r) (2.11)
µ Ev (2.11)
1. Ev E r Ve(r) À E
r0 mesh d rk = r0 + kd k =














2. ψ(rk) k > 1 Ev = E (2.11) mesh
3. E 1,2 r →∞ ψ(r)→ 0 Ev
ψv(r) E r ψ(r)
E
ψv(r) Cs∗He ψv(r) Ev 2.10















[65] J Hund’s case (a) 2ΠΩ
2.13
K = J(J + 1)− Ω2 + 3
2
(2.14)
2[66] Ω J z J ≥ Ω Hund’s case (b) L
À À 2Σ
K = N(N + 1) (2.15)
N N = 0
Cs∗He(A 2Π3/2) J = 3/2 J = 5/2
1.6 cm−1
ψ(r; ²) ² ψ(r; ²) 1,2
ψ(r; ²) r →∞ sin(
√
2µ²
~ r + δ) δ
∫ |ψ(r)|2dr = 1 δ
∫ ∞
0
ψ∗(r; ²1)ψ(r; ²2)dr = δ(²1 − ²2) (2.16)






~ r+ δ) v
[r, r + dr] |ψ|2dr v−1
dr v−1
[67]




2 Λ 6= 0 2.14
3/2 Ve(r)
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M∗He excimer [13] MRCI

















ψv(r),Ev LEVEL 7.4 bound-free A
B BCONT 2.0 Le Roy
[68, 69] ψv(r),Ev 3
r r 1,2 ψv(r)
E E Ev Numerov-Cooley
Cs∗He A 2Π1/2 2.10
5 A˚
2.10
























2µ{E − V (r′)}
~
dr′
ϕ(ε) = ε+ arg Γ(
1
2











1 + exp(2piε)− 1√
1 + exp(2piε) + 1
(2.23)
r1, r2, r3 r1 < r2 < r3 r1 < r < r2 V (r) < Ev r2 < r < r3
V (r) > Ev LEVEL 7.4 Cs∗He A 2Π1/2

















exciplex n He exciplex n ≥ 3
3n− 3 n ≤ 2 3n− 2




n ≥ 3 exciplex 3n − 3
n = 1, 2 exciplex 3n − 2
²v MOLPRO RHF
[71] K∗Hen Na∗Hen Li∗Hen RHF
Cs∗Hen Rb∗Hen ²v
• n = 1 2.3 2.11
• Rb n > 1
2.7 2.11 He n
RHF






ψ′′(r; ²) δ bound-free
[72]
r = r0 A˜ X˜
VA(r), VX(r) VX(r)
VA(r0) ²A VX(r0) ²X
2 29
²A + ²v exciplex
²P = ²A+ ²v − ²X








2.1 Na Li He
A˜ exciplex
rc ²c 2.11 Na∗He5
Na∗He6 Li∗He3
RHF
cm−1 Dupont-Roc [40] Na
Li∗He3
2.11 exciplex Rb n = 6 K n = 4 Na
n = 4 Li n = 2
exciplex exciplex
Rb K Rb K K
RHF Na


























∗Hen Zn(T ) E0n
M∗Hen exciplex
≤
K RHF n = 3, 4, 5 population
n = 4 exciplex Zn(T )
RHF
N k n = 1,2
k = 0 n ≥ 3 He |k| ≤ N
M |M | ≤ N |N, k,M〉
~2
2µr02
N(N + 1) for n = 1
~2
2nmHer02








{N(N + 1)− k2}+ ~
2
2nmHer02
k2 for n ≥ 3 (2.26)
2n n ≥ 3 n n = 1,2 n = 1,2
2Π1/2,2Π3/2 2 2 Zn(T )
Z0 = 2
2.25 n = 1−5 Nn/
∑5
i=0Ni n = 3−5 2.12
N5 N4/N3




























n = 1               n = 2
r
0

















































































Li*He nNa*He nK*He n













r0=r0=r0= 1.91  1.91  1.92




M-He r0 A˚ r = r0 ²X
²v A˜ exciplex
²c M-He rc (A˚)
2 32









































2.12: K∗Hen n = 3−5 exciplex population Nn












Pyrex 3.1 (a) Li
Cs,Rb,K,Na
∼10−6 torr 200 20
77 K
99.999% 1 atm




2 K 80% exciplex
exciplex
13.5 atm







































































Li ∼450 K Li
100 K












523 nm, 100 µJ/pulse








































cw, } 6 W
~fI
500 ms






3.2: (a) Cs,Rb,K exciplex T < 2.17 K CCD



























4 1 1 3







10 ns 1 kHz ∼100µJ/pulse 523 nm
108 − 1010 cm−3
102 10 ns He
3 37
3.1:
D1 D2 ∆SO (2P1/2,2P3/2) ∆hfs
(% ) (cm−1) (cm−1) (cm−1) (ns) (MHz)
133Cs 100 11178.27 11732.31 554.04 30,27 9193
85Rb 72.17 12578.95 12816.55 237.59 29,27 3036
87Rb 27.83 6835
39K 93.26 12985.17 13042.88 57.71 26,25 462
41K 6.73 254
23Na 100 16956.17 16973.37 17.20 16.4,16.3 1772










2010 Rb Na,Li Ar+
Innova300 ∼6 W
380D Na Rhodamin 6G Li DCM
∼1 mW/mm2 ∼100 mW/mm2
3 38





∆hfs 2P ∆hfs 10%
3.5 atm Rb D2






∼-130◦C CCD (CCD) Princeton Instruments LN/CCD-1100PF ν & 10500
cm−1 ∼-80◦C (PMT) R5509-71
ν > 6300 cm−1 PMT Stanford
Research Systems SR400
D
CCD 140 nm PMT
930 nm 90 s
PMT
CCD 1.7 nm 1000 nm 17 cm−1 PMT





η 0◦C 1 atm 1.000293 ν ∝ λ−1
Iλ λ










Cs 12037 cm−1 Rb







4.1 4.5 4He 4.6 3He






35 K 35 K D1
1% D1
4.1(a) 30.0 K 2.1 K
4.1(b) D1
2P1/2 Cs∗He A 2Π1/2
4.1(b) 2.10 A 2Π1/2
50 cm−1
LEVEL 7.4




Cs∗He A 2Π3/2 M∗He
D2 4.2(a) CCD 297 K



































































4.1: (a) Cs D1 D1 11178 cm−1
(b) (a) 30.0 K 2.1 K
10695 cm−1 440 cm−1 Gaussian Cs∗He A 2Π1/2
1.9 K
3.1(b) 1.80 K, 1.48 K, 1.29 K
1.80 K, 1.48
K, 1.29 K 6.7 ×1019 cm−3, 2.1 ×1019 cm−3, 8.4 ×1018 cm−3







4.2(a) 1.29 K 1.80 K 4
A 2Π1/2 10 695 cm−1 440
cm−1 Gaussian Gaussian 1.80 K 11 070 cm−1, 11 380
cm−1, 11 635 cm−1 390 cm−1, 295 cm−1, 190 cm−1 1.29 K














































































4.2: (a) D2 Cs 6 Gaussian
fit (b) (a) Gaussian Cs∗He
A 2Π3/2 v = 0−2
1.80 K Gaussian 4.2(b)
v + 1 Gaussian
v ≥ 3 D2
Gaussian fitting D2
Cs Cs∗He population
Gaussian gi (i = 1−6)
Cs∗He(A 2Π1/2 v=0), Cs∗He(A 2Π3/2 v=0), Cs(6 2P1/2), Cs∗He(A 2Π3/2 v=1), Cs∗He(A 2Π3/2
v=2), Cs(6 2P3/2) population Cs Cs∗He∫
gi(ν)ν−3dν 1.9 K population
4.3(a)
D2 Cs D2 A 2Π3/2 Cs∗He
4 43








 A2Π3/2 v=0         A
2Π3/2 v=1         A
2Π3/2 v=2 
 A2Π1/2 v=0         6




































A 2Π1/2     
4.3: (a) Cs Cs∗He population (b)




Cs∗He(A 2Π1/2) Cs(6 2P1/2)
1×1019 cm−3 −8 ×1019 cm−3 population
exciplex Cs(6 2P3/2) + He → Cs∗He(A 2Π3/2)
Cs(6 2P1/2)




6 Gaussian Cs∗He(A 2Π1/2 v=0) Gaussian 4.1(b)
Cs(6 2P1/2) Gaussian
D1 2 population
population Cs∗He(A 2Π1/2 v=0)
D2 Cs(6 2P1/2) Cs∗He(A 2Π3/2) Cs(6 2P3/2)
Cs∗He(A 2Π1/2 v=0) 4.3(b) D1 10 K
Cs∗He(A 2Π1/2 v=0) Cs(6 2P1/2) 2 K
Cs(6 2P1/2) + He → Cs∗He(A 2Π1/2 v=0)
Cs(6 2P1/2) Cs∗He(A 2Π1/2
v=0) Cs(6 2P1/2) population NΠ1/2 NP1/2 A Cs(6 2P1/2)











NP1/2/NΠ1/2 4.3(c) 1.6 K 0.27 1.6
K 0.27 γ/~ < 9.0× 106 s−1 2.10
LEVEL 7.4 3.7× 108 s−1
40
D2 3−15 K 10000 cm−1
4.4 (a) PMT 6.6 K
2.1 K 10045 cm−1 610 cm−1
5% Cs∗He
D1,D2 Cs∗He(A 2Π1/2 v=0,
A 2Π3/2 v=0) D1,D2 Cs∗He2
2.4 Cs∗He2 A˜ 2Π1/2
9939 cm−1 A˜ 2Π3/2 10344 cm−1
3 K
He Cs 4.4(b) 12037 cm−1

































































4.4: (a) Cs D2 10000 cm−1 2.1
K 6.6 K Cs∗He (A 2Π1/2)
(b) D2 Cs






n (cm−1) (cm−1) ²P (cm−1)
1(A 2Π1/2) 11820 610 11754
2(A˜ 2Π1/2) 10810 670 10597
3 9949 836 9448
4 9105 1278 8268
5 8065 1398 7151
6 7300 ∼1400 6215
7 5860
13072 cm−1 1.88 K Rb 4.5
PMT 7100 cm−1 1200 cm−1 Cs
3000 cm−1
D2,D1 Rb 4.6
PMT D 6000 cm−1
a−f Rb∗Hen (n = 1−6)
D2 2 K n = 1,2
10 K n = 6 40 K
n = 6 n = 1
exciplex D1 2 K exciplex
15 K exciplex 15 K D2
D1 exciplex Rb∗He
A 2Π1/2 2.7 26.5 cm−1
Cs A 2Π1/2
A 2Π1/2 Rb∗He D2
exciplex D1 D2 n = 1
K A 2Π1/2 → A 2Π3/2
Rb∗He D2 A 2Π1/2




























n = 1,2 a,b n = 3 25 K
c 2.4 ²P 2.11
²P 4.1 n ≥ 4
4.1 ²P n
4.6 10 K 7300
cm−1 f b−c n = 6
f ²P n = 5
n = 2 ²P 200 cm−1 n = 3 500 cm−1
He f n = 6
²P 14 K . T . 25 K
c f 2
7300 cm−1 n = 6
n = 6 4.5 Rb
Rb exciplex Rb∗He6
Rb n n = 1−6
a−f n = 1 50 K
n = 6 4.6 D2 5 K n = 2
n = 1 5 K 50 K
n = 1,2,6 fitting
3 Gaussian 6 fitting










































































4.6: Rb (a) D2 (b) D1
a−f n = 1−6 Rb∗Hen
4 49
6000 8000 10000 12000
0
1
2 n = 1
n = 2n = 3
















4.7: 19 K D2 fitting Rb∗Hen n =
1−6
fitting gn(ν) n = 1−6 population
Nn (2.19) |ψe〉 |ψg(ν)〉




|〈ψe|ψg(ν)〉|2dν = Nn〈ψe|ψe〉 = Nn (4.4)
1 D1 D2 gP1/2, gP3/2 Rb(2P1/2,2P3/2)
population Ni(i = P1/2, P3/2)
∫
gi(ν)ν−3dν ∝ Ni
Rb Rb∗Hen n i




NE NE D2 15 K 70% D1
21 K 65% Nn exciplex Rb∗Hen−1 + He






1 |ψe〉, |ψg〉 m |ψg〉









A 2Π3/2 v = 5 −1.1
v = 4 −9.0
v = 3 −20.9
v = 2 −39.1
v = 1 −78.3
v = 0 −138.8
A 2Π1/2 v = 1 −5.2
v = 0 −64.4
n = 1−6 N0 = NP3/2 An Rb∗Hen 5 2P3/2
3.7 × 107 s−1 [10] An ∝
∫
gn(ν)dν/Nn D2 T = 5
K R1 ≈ 8 × 107 s−1 R2 ≈ 1 × 107 s−1 R3 ≈ 4 × 107 s−1 T =
2 K 13 K R3 3 × 107 s−1 3 × 108 s−1 R4, R5, R6
R1, R2, R3 T < 10 K n = 3−5
Rb He Rb 5 2P
exciplex He 3 Rb
nmax = 6 exciplex
R3 2.2
Rb∗He2 A˜ 2Π1/2 + He → Rb∗He3
Rb∗He2 2.8 20.5 cm−1 R3
T < 15 K
He xy He 3 pz
px,py (2.10)




n ≥ 4 Rn n ≤ 3
4 51














































(a) D2 excitation (b) D1 excitation
n = 2
0.0





















4.8: Rb∗Hen Rb(2P1/2,2P3/2) population (a) D2 (b) D1
4 52
  	





















11000 11500 12000 12500 13000
A 2Π1/2 v = 1
A 2Π1/2 v = 0
A 2Π3/2 v = 0
A 2Π3/2 v = 1
A 2Π3/2 v = 3
A 2Π3/2 v = 4
A 2Π3/2 v = 2















4.9: (a) T . 2 K D2 Rb (b)
fit (b) Rb∗He
n = 1 4.9(a) 2 K ν > 11000
cm−1 CCD n = 1 T > 2
K 11820 cm−1




2.7 A 2Π3/2 6 A 2Π1/2 2
4.2
4.9(b) A 2Π3/2 v = 0−3 A 2Π1/2 v = 0,1
fit 4.9(a)
4 53







He Gas Density (1019 cm-3)















Rb(5 2P1/2) + He















4.10: (a) Rb∗He Rb(2P1/2,2P3/2) population (b) T .
2 K
Rb Rb∗He fitting population
4.10(a) A 2Π3/2 population
Cs 1× 1019 cm−3 9× 1019 cm−3
population excimer 4.10(b) β Rb Rb∗He
α γ
T < 1.4 K
Rb(5 2P3/2) Rb∗He(A 2Π1/2) Rb∗He(A 2Π1/2)
Rb(5 2P3/2) T = 2 K n ≥ 2
4% n ≥ 2 2 K




Ai(i = P1/2, P3/2,Π1/2,Π3/2) Rb(2P1/2,2P3/2), Rb∗He(A 2Π1/2,A 2Π3/2)
Ni population










Rb(5 2P3/2) A = 3.7×107 s−1 [10] 1.80 K α . 6.9A
4.4A . β . 11A γ ≈ 1.9A Cs Cs(6 2P3/2)
A′ =3.7 ×107 s−1 [10] 1.80 K α . 2.0A′ 16A′ . β . 18A′ 0.58A′ . γ . 0.76A′
γ Cs Rb Rb A 2Π1/2 A 2Π3/2
Massey
[76]
Cs Cs∗He Rb Rb∗He



































e d c b a x
Wave Number (cm -1)
4.11: D2 K x K D a−e
n = 1−5 K∗Hen
D2 K 4.11 PMT
a−e K∗Hen n = 1−5
n = 6 ν < 6300 cm−1
10 K n = 6 10
K n = 6 n = 1 4.11
exciplex 40 K 70%
4 56






































4.12: (a) D1 K (b) K∗He RHF
40 K
Rb Rb
K 2 K n = 6 Rb 2 K n ≤ 2
2.2 M∗He2 + He → M∗He3
K K T . 10 K n ≥
3 n = 6 K∗He3
He 2.2
Rb 20.5 cm−1 K 5.8 cm−1 Rb 1/4 4.8
Rb n = 6 population 8 K K
2 K n = 6
Rb 4.11 30
K 11900 cm−1 10800 cm−1 9600 cm−1 8300 cm−1
K∗Hen n = 1−4
30 K 7000 cm−1 n = 5
10 K n = 6
Rb
n Rb
D1 4.12(a) PMT Rb D1
2 K exciplex A 2Π1/2
4.12(b) 2.3
4 57





















K∗He A 2Π,B 2Σ
r = 6.3 A˚ 8.9 cm−1 Rb
26.5 cm−1 r = 5.3 A˚ 1/3 Rb D1
10 K exciplex 4.8 K 2 K
exciplex
K 4.13 PMT 1.65 K
13148 cm−1 4.11 10 K
exciplex
K∗He6 Gaussian fit
6200 cm−1 1700 cm−1 4.13 K∗He6
K∗Hen 4.11 ν < 12200
cm−1 Gaussian 4.13 K∗He6 fit fitting
Gaussian
4.11 a−e 4.3 2.4
²P 4.3 He 162 cm−1
fit Gaussian K∗He6 gn(ν) (n = 1−6) D
D1,D2 PMT g0(ν) K∗Hen n = 0−6 n =
0 K 4 2P population Nn (4.4) Nn 4.14
Nn 1 Rb 4.8 K n = 6 n = 0
population n = 5 population




n (cm−1) (cm−1) ²P (cm−1)
1 11914 726 12076
2 10826 1005 10707
3 9608 1295 9365
4 8275 1498 8025
5 7045 1621 6781
6 . 6300 ∼1700 5943
60 K K∗Hen Rb∗Hen
1.2−1.8
K exciplex
exciplex population Schulz [48] n = 1−5
exciplex population n = 1 n = 2 13.1 n = 3 4 2.7
n = 5 0.6 n = 5 population
K He 5 He 2




4.11 30 K n = 1−4 K∗Hen n = 1−4
4.11 a−d 10 K
2 He K∗He4-HeN exciplex
exciplex
K∗He4 He
He K (±2.18,±2.18, 0)
A˚ He 5 He
4.15 (0,4.27,0) 20 cm−1
5 He
201 cm−1 He 1
220 cm−1 K∗He4
8275 cm−1 He (±4.27, 0, 0),(0,±4.27, 0)
7400 cm−1
< 6300 cm−1 He
4 59









































4.14: K∗Hen K(4 2P ) population
He





4.1,4.2 Cs Rb M∗He excimer
K Na Scoles
K∗He Na∗He [45] K
































































































































Wave Number (cm -1)
4.16: D2 Na x Na D a−d
n = 1−4 Na∗Hen
D2 Na 4.16 ν >
10500 cm−1 CCD PMT Na K
15000 cm−1 13000 cm−1 10600 cm−1 7900 cm−1
Na∗Hen n = 1−4




n (cm−1) (cm−1) ²P (cm−1)
1 14965 1245 15113
2 12972 1741 12357
3 10647 2523 9530
4 7893 2551 6902
5 5107
6 6079
15200 cm−1 Gaussian fit
fitting 4.4
4.16 a−d 2.4
²P 4.4 He 373 cm−1 a−d
Na∗Hen(n = 1−4)
Gaussian gn(ν) n = 1−4 D g0(ν) D2,D1 CCD∫
gn(ν)ν−3dν Na∗Hen n = 0−4 population
4.17 K 4.14 n = 3 35 K n = 1 60 K population
Na n = 3 50 K n = 1 100 K
Na∗Hen n = 1−4 K∗Hen 1.4
4.16 exciplex 70 K
50% 70 K K 40
K 70% K T . 10 K n = 6
4.11 Na n = 4
30 K 4.16 Na
16810−17340 cm−1 ν > 7500 cm−1
Na∗He4 exciplex
Na∗He5 Na∗He6 4.16
n n ≤ 4 Na∗He5
n = 4
4.4 d n = 4
n ≤ 4 n Na∗He5
ν & 5000 cm−1
4 63


































4.17: Na∗Hen n = 1−4 Na(3 2P ) population
6300 cm−1 1.6 µm Na∗He4








































































[13] (2.17) Li∗He v = 0−5
4.18(b)




n (cm−1) (cm−1) ²P (cm−1)
1 11553 1174 11970
2 ∼9000 ∼2000 6213
3 1237
fitting 70% Li∗He fit
Li∗He
Li∗He2 Li∗He2
9000 cm−1 2000 cm−1 Li∗He
11000−12200 cm−1 Gaussian fit
2.4 ²P 4.5 ²P
Li∗He 417 cm−1 Li∗He2





Li∗He excimer 3d 2∆← A 2Π bound-
bound A 2Π r0 1.78 A˚
1020(20) cm−1 [17, 18] Pascale
[13] r0 1.82 A˚ 1025 cm−1
Pascale A 2Π X 2Σ1/2
bound-free
[78] X 2Σ1/2
[78] NaKr X 2Σ1/2 Hartree-Fock dispersion (HFD)











2] for x < D
1 for x ≥ D
(4.7)
x = r/rm A, α, C6, C8, C10, rm fitting D 1.28
[78] Ae−αx Pauli
4 66
4.6: fitting X 2Σ1/2 HFD parameter
Parameter Value
A (cm−1) 2.860 58 ×105
α 6.025 36
C6 (cm−1 A˚6) 3.017 92 ×105
C8 (cm−1 A˚8) -1.948 54 ×105
C10 (cm−1 A˚10) 9.260 96 ×106











X 2Σ1/2 4.19(b) MRCI Pascale
[13] 3 r > 1.8
A˚ 500 cm−1 r & 2.2 A˚ Pascale 1.8
. r . 2.2 A˚ MRCI


















































4.19: (a) Pascale A 2Π (4.7) X 2Σ1/2







3He Cs Rb exciplex 4He
3He 3He 0.003 K
10−4% 3He 4He 1 3.2 K
9 ×1019 cm−3 1.15 K
T > 1.2 K





















4.20: D2 3He Cs 2.1 K
D2 Cs 4.20 CCD 4He
4He 4.2(a) 1.8 K
. T . 10 K A 2Π1/2 10695 cm−1
3He 3He
A 2Π1/2 A 2Π1/2 population
2.10
3He 4He (2.11)
Cs∗He A 2Π1/2 v = 0 4He 48.4
cm−1 3He 51.5 cm−1 γ/~































4.21: D2 3He Rb
Cs∗He2 4.4(a) 4He 2.1
K Cs∗He2 3He Cs∗He2
3He Cs∗He2 Cs∗He
D2 Rb 4.21 T . 10 K n =
6 2.2 Rb∗He2 + He → Rb∗He3
4He 2 K n = 6
3He 4He
2.9
Rb∗He2 + He → Rb∗He3 exciplex
R3
3He T = 2 K T = 14 K
4 70
5 ×107 s−1 4He 3 ×107 s−1 5 ×108 s−1 4He 13 K 3 ×108 s−1
4He
Rb∗3Hen T ≤ 10 K 6300 cm−1 12070 cm−1
3 Gaussian fit n = 1,2,6
n = 1,2,6 11880 cm−1 10970 cm−1 7450 cm−1
580 cm−1 1000 cm−1 1560 cm−1
4 71
4.7
4He Cs,Rb,K,Na,Li 3He Cs,Rb
exciplex 4He exciplex 1.2
1 2 K M∗He
decompose population




3.7 ×108 s−1 Rb MRCI
Cs Rb
1019 − 1020 cm−3 2 K
exciplex ∼ 4× 107 s−1
M∗He Rb∗He ∼7 ×107 s−1 Cs∗He
2× 107 − 3× 107 s−1 Li∗He
Pascale A 2Π X 2Σ1/2





Cs,Rb,K exciplex M∗Henmax nmax
exciplex n nmax 4.7
4 M∗Hen n population
9 ×1019 cm−3 Rb
T . 30 K K T . 50 K Na T . 80 K M∗Hen
n population 2.2
Cs D1
exciplex Cs 1% Cs∗Hen n ≥ 3
Rb T . 10 K D1 exciplex
4 72








T & 20 K D2 exciplex
D2 Rb∗He2 + He → Rb∗He3 exciplex R3 2 K 13 K 3
×107 s−1 3 ×108 s−1 T . 13 K Rb∗Hen n ≥ 3
Rb K exciplex
1 Cs∗He2 population
Cs∗He 4He T . 3 K 2
3 Na∗He5 Li∗He3 4 Li∗He2
3He exciplex D2 Cs Rb Cs
4He Cs∗He A 2Π1/2 Cs∗He2
T . 3 K
Rb Rb∗He3











exciplex van der Waals
M∗He excimer






M(2P1/2) + He → M∗He(A 2Π1/2) M∗He2(A˜ 2Π1/2) + He → M∗He3 2
5 74
Cs,Rb,K





















1  Slater 
RHF
1 	 1 ﬀﬁﬂﬃ 
UHF



















DCI, SDCI, CISDT ...full CI
R-S   
	&	r
MPn (n > 2)
HF ; ¡ Slater ¢£¤¥ 0 ¦§©¨ª
CCA
«¬­	®¯°±
 ²  ³´µ CI ¶·¸¹º
CCD, CCSD ...
MRCI





























N M ZA A






χ1(r1) · · · χN (r1)
...
...
χ1(rN ) · · · χN (rN )
∣∣∣∣∣∣∣∣∣ (A.2)
〈Φ|H|Φ〉 Slater
χk(r) ψi(r) α, β
RHF ψi(r) spin-unrestricted HF UHF
ψi(r) ψi(r) ²i
Slater
ψi(r) ψi(r) Slater 〈Φ|H|Φ〉
ψi(r) Hartree-Fock











F (i)χi(r) = ²iχi(r) (A.3)































Slater Φ0 χl, χm, · · ·






l + · · ·
1. Multiconfiguration SCF MCSCF Slater Slater
C0Φ0 + C1Φ1 + · · · HF
CI Ci ψi(r) MCSCF
Complete Active Space SCF CASSCF HF
HOMO LUMO active space
MCSCF HF






l + · · ·
CI C0, Cal , C
ab
lm, · · · Slater
full CI
S D
T Q CISDT Φ0
Φal 〈Φ0|H|Φal 〉 Brillouin






n n ≥ 2 Møller-Plesset MPn










































STO-3G 1s(1) 2s(1) 2p(3) 1s(1)
3-21G, 4-31G, 6-31G 1s(1) 2s(1×2) 2p(3×2) 1s(1×2)
Double Zeta (DZ) 1s(1×2) 2s(1×2) 2p(3×2) 1s(1×2)
6-31G(d) (=6-31G*) 1s(1) 2s(1×2) 2p(3×2) d(6) 1s(1×2)
6-311G(d,p) (=6-311G**) 1s(1) 2s(1×3) 2p(3×3) d(6) 1s(1×3) p(3)
6-311+G(d,p) (=6-311+G**) 1s(1) 2s(1×4) 2p(3×4) d(6) 1s(1×3) p(3)
6-311+G(2d,p) 1s(1) 2s(1×4) 2p(3×4) d(6×2) 1s(1×3) p(3)

























van der Waals bound-bound
[94]
He Ne Ar Kr Xe
Li [17, 18] [19] [81, 82, 83]
Na [84, 85, 86] [87, 88, 89] [78, 90] [91]
K [92]
Ag [63, 93] [63] [63]
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